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The ongoing West African Ebola epidemic highlights a 
recurring trend in the zoonotic emergence of virulent 
pathogens likely to come from bat reservoirs that has 
caused epidemiologists to ask ‘Are bats special reser- 
voirs for emerging zoonotic pathogens?’ We collate 
evidence from the past decade to delineate mitochon- 
drial mechanisms of bat physiology that have evolved to 
mitigate oxidative stress incurred during metabolically 
costly activities such as flight. We further describe how 
such mechanisms might have generated pleiotropic 
effects responsible for tumor mitigation and pathogen 
control in bat hosts. These synergisms may enable ‘spe- 
cial’ tolerance of intracellular pathogens in bat hosts; 
paradoxically, this may leave them more susceptible to 
immunopathological morbidity when attempting to 
clear extracellular infections such as ‘white-nose syn- 
drome’ (WNS). 


An ancient history with a new relevance 

The association between bats and human disease has been 
acknowledged for over a century, since the first identifica- 
tion of rabies Lyssavirus in asymptomatic vampire bats in 
1911 [1]. Until recently, rabies dominated the scientific 
literature on bats and disease; however, following the 
emergence of horse- and human-infecting Hendra virus 
from Australian flying foxes in 1994 [2], bats have emerged 
as potential reservoirs (see Glossary) for a broad variety of 
zoonotic infections involving particularly virulent — and 
often fatal — RNA viruses. Although isolation of live virus 
from bat hosts has proven elusive in certain cases — notably 
that of Ebola [3] — major evidence supports the role of bats 
as reservoirs for Hendra and Nipah henipaviruses, Ebola 
and Marburg filoviruses, and severe acute respiratory syn- 
drome (SARS) and likely Middle East respiratory syndrome 
(MERS) coronaviruses (CoVs), as well [4,5]. Following the 
identification of Rhinolophus spp. bats as reservoirs for 
SARS-CoV [6], Calisher et al. explored links between bats 
and emerging viruses in a review highlighting various 
aspects of bat life history and ecology — including ability 
to fly, dependency on torpor and/or hibernation, long life 
span, and gregarious social structure — that are likely to 
influence bats’ roles as viral reservoirs [4]. In an attempt to 
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explain bats’ tolerance of otherwise virulent viruses, these 
earlier authors emphasized a deep coevolutionary relation- 
ship between bat genomes and those of lyssaviruses [7] and 
henipaviruses [8]. We explore evolutionary mechanisms 
enabling this immunological tolerance in bats that may 
be lacking in non-volant mammals, including humans. 


Bats as special reservoirs for viral pathogens 

Recent studies have confirmed an ancient phylogenetic 
relationship between bats and a suite of other viral patho- 
gens: in addition to lyssaviruses and henipaviruses, bats 
are now posited as the most ancestral host taxon for the 
entire family of paramyxoviruses (of which henipaviruses 
represent one genus [9]), as well as for CoVs [10], hepad- 
naviruses related to human hepatitis B virus [11], and 
hepaciviruses related to hepatitis C virus [12]. Bats also 
demonstrate deep phylogenetic relationships with influen- 
za A virus [13], filoviruses [14], and simplex viruses 
[15]. Several authors have compiled informative reviews 
[16-18] and meta-analyses [19,20] from various perspec- 
tives, continually asking ‘Are bats special in their reservoir 
roles for zoonotic pathogens? Common threads prevail 
and, increasingly, the consensus seems to be a complex 
and qualified ‘yes’. 

Although not the most represented mammalian order 
among zoonotic hosts, bats host more zoonotic viruses per 
species than do rodents and most of the resulting zoonoses 
have been high-profile spillover incidents of extreme hu- 
man pathogenicity [21]. Bats largely host viral pathogens 
without demonstrating ostensible disease [22], but the 
pathogenicity is complex and research into impacts of viral 
infection on bat fitness, particularly with respect to fecun- 
dity or longevity, has been critically lacking. Obvious 
exceptions to viral asymptomaticity in bats include, nota- 
bly, rabies and Tacaribe virus, a South American Arenaui- 
rus that caused widespread bat mortality in the 1950s and 
in later experimental infections [23]. Adenoviruses have 
also been linked to bat mortality [24], although such 
patterns are perhaps unsurprising given the disparity 
between this gastrointestinal system-infecting DNA virus 
and other bat-affiliated (mostly RNA) viruses discussed 
here. One study demonstrated seasonal amplification of 
RNA viruses, but not DNA viruses, in a monitored insec- 
tivorous bat colony in Europe [25], suggesting that differ- 
ent mechanisms of control may be at play for RNA versus 
DNA viruses in bat hosts. Additionally, a novel filovirus, 
Lloviu virus, was recently detected in bat tissues following 
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Glossary 


Adaptive immune system: one of the two main immunity strategies of 
vertebrates. Relies on acquired immunological memory (circulating antibodies 
and T and B memory cells) left over from previous encounters with a specific 
pathogen to promote B cell proliferation and appropriate T cell differentiation to 
clear a new infection. Comprises both humoral and cell-mediated components. 
Antibodies: also known as immunoglobulins, these Y-shaped glycoproteins 
are produced by plasma cells (the daughter cells of B cells) in the humoral 
immune system in response to an encounter with a specific pathogen. 
Antibodies are found both free floating and attached to B cells and are retained 
in the humor after a pathogen is cleared in case of future infections. 
Apoptosis: a process of programmed cell death in which the mitochondria of 
stressed or damaged cells initiate a signaling cascade that induces the 
damaged cell to burst. Resulting apoptotic bodies are then cleared by 
phagocytes with no harm to the host. NO and other forms of mitochondrial 
ROS are heavily implicated in the initiation of pathways to apoptosis. 
Autophagy: a catabolic process by which lysosomes recycle internal cellular 
components that are unnecessary or damaged. When cell damage exceeds the 
ameliorating capabilities of autophagy, pathways to apoptosis are induced. 
Cell-mediated immunity: the components of the immune response performed 
by immune cells rather than antibodies. In the innate immune system, this refers 
primarily to phagocytes such as neutrophils and monocytes and to cytotoxic NK 
cells. In the adaptive immune system, this involves cytotoxic T lymphocytes (also 
known as CD8* T cells), which are specific to a remembered pathogen. 
Cytokines: a class of small proteins involved in cellular signaling. Cytokines are 
particularly important in the immune system and signal for the proliferation or 
recruitment of various immune cells to an infection site. They are produced by 
a broad range of immune cells that they signal, including macrophages, B 
lymphocytes, and T lymphocytes. 

Humoral immunity: the aspects of immunity mediated by macromolecules rather 
than cells, found in extracellular fluid. In the innate immune system, this refers to 
the body's complement system of antimicrobial peptides; in the adaptive immune 
system, it primarily describes the functions of secreted antibodies. 
Immunological tolerance: the failure of the immune system to mount an 
immune response against a recognized antigen. There is both ‘self’ tolerance, 
in which the immune system fails to attack its own proteins, and induced 
tolerance resulting from previous exposure to an exogenous antigen. Hosts 
and pathogens with deep coevolutionary relationships may share elements of 
their genomes, sometimes allowing the host to tolerate the pathogen as self. 
Immunopathology: the detrimental effects that the host immune system 
inflicts on the host itself as a result of overzealous attempts to clear infection 
with a given pathogen. Immunopathology typically involves extensive 
inflammation as immune cells are over-recruited to an infection site. 

Innate immune system: the second of the two main immunity strategies of 
vertebrates. The innate immune system is the body’s first line of nonspecific 
defense against pathogen attack and comprises both humoral components 
(the complement cascade) and cell-mediated components (recruitment of 
nonspecific phagocytes and NK cells to infection sites). 

Lymphocyte: refers to any of three types of white blood cell localized in the 
lymphatic fluid of the vertebrate immune system: (i) NK cells of the innate 
immune system; and (ii) T cells and (iii) B cells of the adaptive immune system. 
They are distinct from other white blood cells (chiefly macrophages) that are 
localized in the blood. 

Mitophagy: the process by which autophagic processes are targeted to 
mitochondria. 

Nitric oxide synthase (NOS): an enzyme that catalyzes the production of NO 
from the amino acid L-arginine. NO is an important cellular signaling molecule 
as well as a form of endogenous ROS. NOS is produced by host immune cells 
recruited during induction of the cytokine IFN-y. 

Reactive oxygen species (ROS): chemically reactive molecules containing 
oxygen that are important in intracellular signaling yet also cause damage to 
cell structures and both mitochondrial and nuclear DNA. Endogenous forms of 
ROS are produced by the mitochondria as a byproduct of metabolism and 
exogenous forms accrue in the cell from contact with pollutants or radiation. 
Reservoir host: a species that serves primarily as a maintenance host for a 
pathogen. The species typically experiences minimal-to-no morbidity or 
mortality as a result of infection. 


a massive die-off event [26], and although originally cited 
as the cause of bat mortality Lloviu virus has now been 
resolved to be a uniquely bat-adapted virus, leading 
researchers to explore other mechanisms for bat mortality 
in this incident [27]. In one study examining causes of 
mortality in 486 deceased bats in Europe, viral infections 
(lyssaviruses and adenoviruses) were responsible for only 
five of 144 identified disease-related deaths [28]. 
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Bats as not-so-special reservoirs for non-viral 
pathogens 

Recent work has begun to investigate the role of bats as 
hosts for non-viral pathogens, with somewhat varied 
results. Similar to viruses, bats demonstrate coevolution- 
ary associations with intracellular malarial protozoa [29] 
as well as extracellular trypanosome protozoa including 
Trypanosoma cruzi, the causative agent in zoonotic Chagas 
disease [30]. Bats also exhibit coevolutionary specificity 
with erythrocytic Bartonella spp. bacteria [31]. On a par 
with viruses, bats appear to host both classes of protozoa 
and Bartonella spp. without ostensible disease symptoms, 
yet they exhibit pronounced pathology following infection 
with certain extracellular pathogens, chiefly Borellia spp. 
[32] and some enteric bacteria [33]. Bats also experience 
pathology on infection with the bacterium Pasteurella 
multocida [34], which can function as both an intra- and 
extracellular pathogen. Table 1 summarizes bat-hosted 
pathogens by clade and offers examples to illustrate what 
is currently known of their affiliated pathogenicity. 

In addition to supporting microparasitic viruses, proto- 
zoa, and bacteria, bats are hosts for various macroparasitic 
helminths, chiefly trematodes [35], nematodes (including 
some filarial species [36]), and cestodes [37]. Bat suscepti- 
bility to helminths appears consistent with that of other 
mammals, which exhibit dose-dependent morbidity rather 
than mortality. Curiously, some hibernating bats display 
idiosyncratic patterns of helminth retention that differ 
from typical patterns of voidance during hibernation in 
other mammals [38]. 

Bats have also been long recognized as sources of the 
globally distributed zoonotic fungus Histoplasma capsula- 
tum, which, as an intracellular parasite of macrophages 
[39], is asymptomatic in the chiropteran host. By contrast, 
when experimentally introduced via intraperitoneal inoc- 
ulation, the pathogen overwhelms the extracellular spaces 
of bat tissues, causing lesions and severe inflammation 
[40]. This pronounced immunopathological response to 
fungal infection is particularly germane to the current 
widespread infection of North American bats with the 
extracellular fungus Psewdogymnoascus destructans (the 
causative agent of WNS). Histological wing lesions char- 
acteristic of WNS suggest massive immunopathological 
inflammation when hibernating bats infected with P. 
destructans arouse from torpor [41]. 

Thus, the ubiquitous role of bats as special pathogen 
reservoirs is called into question when pathogens beyond 
the ‘virosphere’ are considered; bats exhibit standard-to- 
extreme pathology following infection with certain bacteria 
and fungi. In particular, this comparison highlights the 
unique resilience of bats to infection with intracellular 
pathogens — a category encompassing all viruses, some 
protozoa, and some bacteria. By contrast, pathogens that 
predominantly occupy the extracellular space present con- 
siderable challenges for bat immune systems. In the case of 
trypanosomes, it should be noted that, although largely 
extracellular, trypanosomes also support an intracellular, 
amastigote life stage that is subject to the majority of 
immunological attack and regulation [42]. In the following 
sections, we explore unique mechanisms linking immune 
functioning with bat metabolism and longevity to offer a 
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Table 1. Example bat infections and associated immune responses across microbial classes 


Microbial class Example pathogen Infection site Documented pathology 
in ae host? 


Viruses Henipavirus spp. Intracellular (blood + tissue) [88] 
Lyssavirus spp. Intracellular (central nervous system) = (pathogen induced) [46,57] 

Bacteria Bartonella spp. Intracellular (blood + tissue) No [31] 
Borellia spp. Extracellular (blood) Yes [32] 

Protozoa Plasmodium spp. Intracellular (blood + tissue) No [29] 
Trypanosoma spp. Extracellular (blood with intracellular No [30,42] 

amastigote stage) 
Fungi Histoplasma capsulatum Intracellular (macrophage) No (except experimental [40] 
manipulation) 

Pseudogymnoascus Extracellular (wing surface) Yes (immunopathology) [41] 
destructans 

Helminth Lecithodendrium spp. Extracellular (intestine) Minimal [35] 


new explanation for how bat physiology and immunology 
enable a special reservoir role for viral pathogens. 


Intra- versus extracellular immunity: where bats 
succeed and fail 

Like other mammals, bat immune systems comprise both 
innate and adaptive elements (Figure 1) [22]. The first line 
of innate immune defense involves classification of patho- 
gens into broad microbial categories by pattern recognition 
receptors (PRRs), typically localized in dendritic cells, that 
enable the host to mount a pathogen-appropriate immune 


response (Box 1) [43]. PRRs are well conserved between 
bats and other mammalian lineages and the bat immune 
system capably detects a broad range of viruses, bacteria, 
and fungi [44]. PRR detection of foreign microbes produces 
a cascade of cytokine signaling specific to the class of 
microbe encountered. These cytokines serve as signaling 
molecules for cell-mediated components of the innate im- 
mune system [i.e., recruitment of phagocytic neutrophils 
and monocytes and cytotoxic natural killer (NK) cells] and 
drive T cell differentiation in the adaptive immune system. 
In the humoral immune system, the body’s complement 
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Figure 1. The vertebrate immune system. Pathways to humoral immunity include the innate complement response and the adaptive antibody response, while cell- 
mediated pathways necessitate action from innate effecter cells [i.e., phagocytes and natural killer (NK) cells] or adaptive T cells. Red arrows indicate possible host immune 
responses to infection with an intracellular pathogen (i.e., viruses, protozoa, and intracellular bacteria); blue arrows signify immunological pathways to clearance of 
extracellular pathogens (i.e., extracellular bacteria, fungi, and helminths). It should be noted that extracellular bacteria can also be cleared by the complement cascade. 
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Box 1. Pathogen recognition, host immune defense, and 
the mitochondria 


Transmembrane versus cytosolic PRRs 

PRRs located within the cellular membrane are capable of 
recognizing both intra- and extracellular pathogens, while cytosolic 
PRRs are generally restricted to recognition of intracellular patho- 
gens, chiefly viruses or bacteria [43]. Transmembrane Toll-like 
receptors (TLRs) have long been acknowledged for their viral 
recognition role in the mammalian immune system, but the 
discovery of a new class of cytosolic PRR, the retinoic acid-inducible 
gene | (RIG-I)-like receptors (RLRs), offers an alternative pathway 
implicated in the immune recognition of RNA viruses [89]. 

Pathogen recognition and cytokine induction 

In humans, pathogen recognition via TLRs induces cytokines such 
as IL-12, which recruit neutrophils and monocytes of the innate 
immune system and stimulate the Th1 branch of the cell-mediated 
components of the adaptive immune system. Pathogen (usually 
virus) recognition by RLRs also upregulates Th1 pathways of 
adaptive immunity, but does so through induction of the cytokine 
IFN-y, which favors NK cell routes of innate immunity. By contrast, 
extracellular fungi are detected at dectin-1 PRRs that induce IL-23, 
the cytokine responsible for upregulation of the Th17 branch of cell- 
mediated adaptive immunity [43]. 

A role for the mitochondria 

Intriguingly, RLR signaling appears to require the participation of 
a protein (MAVS) bound in the outer membrane of the cellular 
mitochondria, thus necessitating a role for mitochondria in viral 
immunity. Mitochondria have long been recognized for their role in 
general cell maintenance, damage repair, and apoptosis, a process 
initiated by PRR recognition of damage-associated molecular 
patterns (DAMPs), which include mitochondrial ROS. PRRs recog- 
nize and respond to pathogen-associated molecular patterns 
(PAMPs) in a similar way [90]. With the recent discovery of RLRs 
and their localization to the mitochondria, awareness of the 
underappreciated role of the mitochondria in immune function is 
growing. 


cascade constitutes the main innate immune component, 
while B lymphocytes, their daughter plasma cells, and the 
antibodies they synthesize represent the adaptive compo- 
nent. 

Until recently, most insights into bat immunity were 
derived from studies measuring humoral adaptive immune 
responses, mainly because the tools for antibody detection 
are available [16]. Bats do mount antibody responses to 
various infections, including lyssaviruses, filoviruses, and 
henipaviruses, but these responses are sometimes idiosyn- 
cratic [16]. In particular, antibody recruitment has been 
demonstrated to be delayed post-immune challenge in bat 
cells compared with other vertebrates [45] and repeated 
rabies inoculations over a longitudinal time series produce 
a discontinuous pattern of adaptive immunity in which 
antibodies in seemingly immune bats sometimes drop 
below detectable levels altogether or virus and antibody 
(but not disease) are detected concurrently [46]. Other 
work demonstrates heightened seroprevalence in female 
bats during periods of pregnancy and lactation with wan- 
ing antibodies across the rest of the year, as well as 
heightened seroprevalence in bats of both sexes under 
nutritionally stressed conditions [47]. These findings sug- 
gest that bats may exhibit increased reliance on adaptive 
immunity when normal immunological pathways used to 
control infections are otherwise compromised. As height- 
ened viral shedding and concomitant spillover events have 
been linked to bat reproduction for both henipaviruses and 
filoviruses [47,48], it is possible that humoral adaptive 
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immunity is less effective at controlling viral transmission 
than bats’ standard mechanism of immune regulation. 

In the realm of cell-mediated immunity, bats are known 
to produce cytokines in response to infection, chiefly high 
levels of interferon (IFN), a class of signaling molecules 
that regulate pathways to apoptosis in virus- and tumor- 
infected cells [49,50]. Type I interferons include IFN-a and 
-B, which are secreted by various cells to recruit macro- 
phages and NK cells against viral infections or tumors. 
Many viruses work to antagonize signaling pathways for 
type I interferons in infected hosts. Antagonism of type I 
and complementary type III interferons has been demon- 
strated in both human and bat cell lines in response to 
Henipavirus infection [51], suggesting that bats might 
control Henipavirus replication by some non-IFN-mediat- 
ed mechanism. Bats also possess type II interferon, IFN-y, 
which generally functions to coordinate a systemic re- 
sponse involving both innate and adaptive immune path- 
ways against microparasitic infections; IFN-y was the first- 
recognized IFN in early viral studies in bat hosts [50]. Al- 
though much work remains to be done in this field, several 
major mammalian cytokines have now been documented in 
bats, including all major inducers of T helper (Th) cell- 
mediated adaptive immunity: Th1 [interleukin (IL)-12 and 
IFN-y], Th2 (IL-4 and IL-10), and Th17 (IL-6 and IL-23) 
[23,52]. 

Studies of T lymphocyte activity in bats have been 
limited to date and often rely on crude measures of T 
cell-associated inflammation that can be easily misinter- 
preted, as the reagents needed to identify and quantify 
actual T cell populations in bats do not currently exist 
[22]. The recent development of bat-specific antibodies to 
IFN-y induced in response to viral infection in the Austra- 
lian flying fox, Pteropus alecto, offers great potential for 
quantification of bat T lymphocyte activity in the future 
[53]. Early investigations of cell-mediated immunity in 
bats report a lack of histological inflammation in individu- 
als infected with H. capsulatum [54], as well as a lack of 
inflammatory response in most Pteropus giganteus sub- 
jected to skin sensitivity tests [45]. Lymphocyte culture 
reactions conducted on cells of these same bats mixed with 
stimulator cells also demonstrated a delay in reaction 
compared with the cells of other vertebrates [45]. 

In a recent review, O’Shea et al. posit that bats have 
evolved to favor incomplete viral clearance to evade immu- 
nopathologically induced morbidity and mortality 
[18]. Reported delays in recruitment of B and T lympho- 
cytes in bat immune systems post-infection are consistent 
with these hypotheses of truncated immune response, or 
tolerance — an immunological strategy typical of an asymp- 
tomatic pathogen reservoir [55]. Bats appear capable of 
restricting immune responses to avoid immunopathology 
on infection with certain pathogens with which they share 
a deep evolutionary history. The recent discovery of endog- 
enous viral elements in animal genomes indicates that bat 
immune systems might be able to tolerate these pathogens 
on recognition as elements of ‘self [56]. This bat pathogen 
tolerance is not universal, however, and bats experience 
severe morbidity and mortality as a result of infection with 
some viral [23], bacterial [32,33], and fungal pathogens 
[41]. In most cases, it is the host immunopathological 


TIMI-1152; No. of Pages 9 


response to infection, rather than the pathogen itself, that 
is most responsible for mortality [55]. One major possible 
exception to this is rabies-related mortality, in which the 
virus may cause direct pathology in the central nervous 
system while simultaneously evading immune detection 
altogether [57]. In the case of WNS, bats experience un- 
controlled neutrophilic inflammation, an immunopatho- 
logical response, on arousal from hibernation [41]. 

Why, then, have bat immune systems adapted to toler- 
ate certain pathogens while remaining aggressively — and 
dangerously — vigilant with respect to others? We review 
evidence that bats have evolved intracellular mitochondri- 
al adaptations to minimize oxidative stress accrued during 
metabolically costly activities such as flight. As recent 
research highlights growing acknowledgement of the cen- 
tral role of mitochondria in cellular signaling and immune 
defense [58], we suggest that bats may control pathogene- 
sis in microbe-invaded cells via processes of autophagy and 
apoptosis that originally evolved to regulate metabolic 
stress, thus avoiding the usual immunopathological con- 
sequences of heightened immune response. By definition, 
these control mechanisms will be limited to intracellular 
pathways, leaving bats vulnerable to suffering the immu- 
nopathological consequences of attempts to clear extracel- 
lular infections. 


‘Flight-as-fever’ hypothesis in bat-virus coevolution 
The evolution of flight has been suggested to provide a 
mechanism for viral control in bats [18,21,50]. O’Shea et al. 
posit that higher body temperatures and metabolic rates 
attained by bats in flight stimulate immune functioning to 
facilitate viral clearance and that viral adaptation to fe- 
brile conditions in the bat host might explain the high 
pathogenicity of these agents following spillover into other 
mammalian hosts, which are unable to support a fever 
response comparable to bat body temperatures in flight 
[18]. Bats’ minimal thermoregulatory abilities have been 
acknowledged for some time [59]; bat body temperatures 
appear to directly approximate ambient air temperature 
when at rest, meaning that bats in flight regularly main- 
tain temperatures above 40°C, a level typifying high fever 
in other mammals [59]. Fever is an acknowledged adaptive 
mechanism through which the body elevates temperatures 
above those optimal for invading pathogens while also 
accelerating metabolic and immune processes [60]. Empir- 
ical work demonstrates that virus-inoculated bats prefer- 
entially maintain viruses in the blood stream rather than 
in tissue at elevated ambient temperatures; viral clearance 
then proceeds without demonstrable antibody response, 
thus suggesting a role for some adaptive, non-humoral 
form of immune control [50]. 

Although an attractive theory, O’Shea et al.’s flight-as- 
fever hypothesis falls short of explaining why bats are 
particularly well-suited hosts for viral pathogens [18]. If 
high temperatures and elevated metabolic rates stimulate 
bat immune functioning for pathogen control, why do 
bats experience widespread immunopathology when this 
immune vigilance is directed at some classes of pathogen 
(i.e., fungi) but not others (i.e., viruses)? If we accept 
O’Shea et al.’s argument that ancient coevolutionary 
bat—virus relationships have evolved to favor incomplete 
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viral clearance (i.e., tolerance) in order to mitigate immu- 
nopathology, it is possible that North American bats sus- 
ceptible to WNS may still be in the process of 
immunological adaptation to P. destructans, the so-called 
‘novel pathogen’ hypothesis [18,61]. That said, interspecies 
sharing of viruses is extensive [20], suggesting that — for 
viral pathogens at least — generalist host immune 
responses should predominate over adaptive defenses. In 
the following section, we examine how metabolic processes 
adopted for flight might enable modulation of antiviral 
immune mechanisms more readily than mechanisms di- 
rected toward other classes of pathogens. 


Linking metabolism, longevity, and immunity 

Going fast in the slow lane 

Bats are among the longest-lived mammalian species, with 
lifespans 3.5 times those of non-flying eutherian mammals 
of comparable body size [62]. Traditional ‘rate-of-living’ 
theories suggest an inverse correlation between metabolic 
activity and longevity, and because large-bodied animals 
often have lower basal metabolic rates this is argued to 
correspond to shorter lifespans for smaller animals 
[63]. Typically, metabolically costly activities such as flight 
yield byproducts in the form of reactive oxygen species 
(ROS), which damage cell structure and mitochondrial 
DNA. Basal metabolic rates are not well characterized in 
bats, but bats are known to experience high variation in 
metabolic rate, being capable of achieving rates up to 
34 times their resting levels when in flight compared with 
an eightfold increase in metabolic rate in exercising rodents 
[64]. Despite this, some bats species live for over 40 years in 
the wild [62] and average lifespans in bats significantly 
exceed those of comparably sized non-volant mammals [65]. 

Many bats from temperate zones lower metabolic rates 
while undergoing hibernation through the winter and sev- 
eral studies demonstrate a link between extended longevity, 
slower reproductive rate, and proclivity for hibernation 
[62]. Nonetheless, even non-hibernating bats have extended 
lifespans for their body size, although recent work suggests 
that, among tropical and subtropical bats, reduction of 
metabolic activity during episodes of periodic diurnal torpor 
might be more common than has been previously acknowl- 
edged [66]. Luis et al. demonstrate diminished viral hosting 
among torpor- or hibernation-dependent bats, a pattern 
seemingly at odds with theories of extended longevity from 
torpor [20]. The authors suggest this viral depletion to result 
from lowered contact rates, while O’Shea et al. argue that 
diminished immunological vigilance during torpor could 
explain the pattern [18,20]. As most bats have not been 
thoroughly studied with respect to daily torpor energetics, 
more research in this arena is needed. 

One possible mechanism of torpor-linked pathogen con- 
trol in bats may be related to high levels of interscapular 
brown adipose tissue (BAT), one of two types of mammalian 
lipid tissue, found in both hibernating and non-hibernating 
bats [67]. In humans, BAT plays a role in thermogenesis in 
neonates, and in both hibernating rodents and bats it is 
thought to aid in torpor arousal, as the mitochondrion-rich 
tissue (called ‘brown fat’ because of the color induced from 
heavy mitochondrial loading) can exceed the temperature of 
the surrounding tissue by as much as 3°C during the late 
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stages of hibernation arousal [67]. As brown fat loading in 
bats is known to vary seasonally and reach a minimum 
during periods of lactation [68], this reduction in mitochon- 
drial load could help explain bats’ increased reliance on 
adaptive immune defenses during the reproductive period. 
Early studies investigating impacts of hibernation on path- 
ogenesis of rabies in bat hosts have demonstrated the 
presence of rabies virus in chiropteran BAT when absent 
in other tissues, thus leading scientists to posit a role for 
long-term viral storage in chiropteran brown fat [69]. 


Box 2. Mitochondria, oxidative stress, and aging 


The mitochondrial theory of aging 

Numerous pathogenic mutations have been identified in the 
mitochondrial genome as causative agents in neurodegenerative 
and aging-related human diseases [91] and the accumulation of 
mutations in the mitochondrial genome of cells has been unequi- 
vocally linked to accelerated aging in mouse models via pathways of 
mitochondrial apoptosis [92]. One popular theory suggests that the 
accumulation of cellular damage from ROS produced as a byproduct 
of metabolism are responsible for most mtDNA damage, largely due 
to the physical proximity of the site of most respiration-induced ROS 
production (i.e., the mitochondrial electron transport chain) to the 
relatively unprotected mitochondrial genome [93]. However, despite 
decades of research, the causal role of ROS in mtDNA damage and its 
consequences for aging remain to be fully elucidated [76,94]. 

Replicative senescence and telomere shortening 

An alternative aging theory postulates the concept of replicative 
senescence, which proposes a finite lifespan of 50+ 10 mitotic 
divisions (the so-called ‘Hayflick limit’) for somatic cells, negating 
the theory of ROS-accrued progressive cellular damage [95]. Short- 
ening of telomeres, the end caps of nuclear chromosomal DNA, 
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Antioxidants and bat metabolism 

On average, bats expend double the amount of metabolic 
energy in a lifetime compared with non-flying eutherian 
mammals [70], yet they appear to accrue remarkably little 
oxidative stress as a result [71]. One study demonstrated 
that mitochondria in the little brown bat (Myotis lucifugus) 
produced significantly less free radical oxygen (H203) per 
unit oxygen consumed during metabolism than shrews and 
mice [72]. Measures of the important mammalian antioxi- 
dant superoxide dismutase (SOD) in the same analysis did 


indeed correlates with aging in mammalian fibroblasts and was 
originally posited to be a sort of replicometer, or counting device, of 
mitotic division [96]. More recent work indicates that the rate of 
telomere degradation is not constant, being hastened by oxidative 
stress [97] and halted or reversed via production of the enzyme 
telomerase [98], which functions as a prerequisite for cellular 
immortalization in cancer [99]. 

Mitochondrial-nuclear crosstalk 

Ongoing research highlights the role of ROS-mediated mitochon- 
drial-nuclear crosstalk in the processes of cell maintenance, aging, and 
apoptosis. Mitochondrial signaling, probably via changes in intracel- 
lular calcium concentration, is posited to activate certain nuclear genes 
involved in the induction of replicative senescence [94]. ROS also 
appear to function as signaling molecules, upregulating pathways of 
autophagy and mitophagy at low levels to remove damaged mitochon- 
dria from the cell and inducing cellular apoptosis at high levels (Figure |) 
[76]. Autophagy is believed to play an important role in cell tumor 
regulation via mitigation of genome damage to limit tumor necrosis 
and inflammation; however, defective autophagy is known to enable 
tumor survival in starved cells by downregulating apoptosis [100]. 
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Figure I. Reactive oxygen species (ROS) levels can control cell fate. When low levels of ROS are produced, autophagic and mitophagic processes remove damaged 
mitochondria and allow cell survival (top). As ROS levels increase and cell repair systems fail, apoptotic cell death occurs (bottom). Adapted, with permission, from [76]. 
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not vary among species, causing the author to suggest that 
bats might simply generate fewer ROS in more-efficient 
mitochondria than comparable non-volant mammals. Al- 
ternatively, a different endogenous antioxidant enzyme 
may be responsible for immediate scavenging of free radi- 
cals at the mitochondrial production site. Some role for 
antioxidant defense in bat mitigation of oxidative stress is 
indicated by demonstrations of higher antioxidant levels in 
torpid versus active bats [73]; most antioxidant-mediated 
ROS scavenging occurs during periods of high metabolic 
activity, allowing antioxidant levels to recover during 
torpor. 

The human antioxidant literature supports the idea of 
multiple roles for cellular ROS, some negative and some 
positive [74]. Mitigation of mitochondrial ROS at the site of 
production is important in both extending longevity and 
avoiding tumorigenesis, which results from oxidative dam- 
age to mitochondrial DNA (mtDNA) (Box 2) [75]. Somewhat 
paradoxically, mitochondrial ROS also upregulate cellular 
pathways to autophagy and apoptosis, helping the cell 
repair this damage or self-destruct when necessary 
[76]. Enzymatic antioxidants are thought to act most di- 
rectly on ROS within the mitochondria, while dietary 
antioxidants play a significant role against exogenous 
forms of ROS or metabolic ROS escaped from mitochondria 
[74]. Bats may be able to recruit enzymatic antioxidants to 
scavenge ROS at the site of mitochondrial production more 
efficiently than comparably sized non-volant mammals, 
thus avoiding oxidative damage to mitochondrial DNA 
and its negative impacts on longevity and tumorigenesis. 

In conjunction with retarded aging, it is relevant to note 
anecdotal observations suggesting lower rates of tumori- 
genesis in bats versus other mammals [17]. This pattern is 
supported by similar trends of longevity linked with tumor 
avoidance in other taxa: both echidnas and naked mole rats 
are surprisingly long lived for their body size and experi- 
ence markedly low rates of cancer [77—80]. By contrast, 
marsupials in the Didelphidae and Dasyuridae families 
exhibit patterns of diminished longevity with body size and 
high susceptibility to tumors [81-83], a pattern today most 
obvious in the case of Tasmanian devil facial tumor disease 
[84]. Future studies investigating host immune responses 
to intra- versus extracellular pathogens across these 
diverse taxa will be valuable in testing our theories. 


It’s all in the mitochondrial genes 

Exciting new research describes rapid evolution of mtDNA 
damage and repair pathways in bat genomes concordant 
with the timing of metabolically costly flight emergence. 
Other work has highlighted the underappreciated role of 
the mitochondria in signaling pathways of the immune 
system (Box 1) [85], again linking bats’ flying abilities with 
pathogen control. As noted above, free radical oxidation 
upregulates cellular damage and repair pathways (via 
autophagy) and induces apoptosis in cells damaged beyond 
repair. Intracellular microparasitic pathogens are known 
to cause oxidative damage both directly and via the induc- 
tion of cytokines that recruit monocytes, neutrophils, cyto- 
toxic T cells, and NK cells [which generate nitric oxide 
(NO), a common form of ROS] at the site of infection 
[86]. Thus, if bat immune systems interpret intracellular 
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pathogen infection in a manner similar to oxidative dam- 
age incurred via metabolic processes or tumorigenesis, 
bats’ abilities to regulate these infections — via both autop- 
hagy and apoptosis — are unsurprising. The developing 
recognition of the mitochondria as a recruitment platform 
in antiviral signaling further supports this connection [58]. 
Finally, it is worth noting that analysis of the genomes 
of P. alecto and Myotis davidii indicates a striking absence 
of the entire locus (and associated genes) of the PYHIN 
gene family, a critical actor in innate immune responses in 
all other eutherian mammals [87]. Also absent or severely 
reduced are the typical receptor cell complexes for NK cells 
[87]. As NK cells are heavily involved in viral innate 
immunity and tumor mediation, it seems plausible that 
these bat genome inconsistencies are further linked to 
mechanisms enabling viral control; however, further study 
across a wider diversity of genomes will be necessary to 
assess the extent to which these patterns are universal. 


Concluding remarks 

The field of bat-borne zoonosis remains very much in its 
infancy and opportunities for future research abound. It 
seems safe to conclude that bats are special in their capacity 
to act as reservoir hosts for intracellular pathogens and this 
review represents a first attempt to identify some of the 
immunological mechanisms that underlie this ability. Bats 
are distinguished from other mammals by their ability to fly 
and processes critically involved in the evolution of this trait 
have yielded inadvertent consequences on their longevity 
and immune functioning. In particular, because flight 
requires bats to regularly endure wide variations in both 
temperature and metabolic rate, bats have developed al- 
tered mitochondrial genomes and corresponding pathways 
enabling the mediation of mitochondrial oxidative stress 
that simultaneously support long life and tumor and intra- 
cellular pathogen mediation. By contrast, bats remain vul- 
nerable to immunopathological responses to extracellular 
infections and, in the case of WNS, are experiencing wide- 
spread mortality as a result. Future in vitro work charac- 
terizing and quantifying the mechanisms (i.e., PRRs, 
cytokines, and T lymphocytes) by which bats recognize 


Box 3. Outstanding questions 


e Which PRRs identify the different classes of microbes in bat 
immune systems? 

e What is the nature of cell-mediated immunity in bats? Can we 
characterize and quantify induction of specific cytokines and 
differentiation of Th cells in response to challenge with different 
classes of pathogen? 

e How do such profiles in bat immunity vary across periods of 
hibernation and torpor? 

e Can we characterize and quantify these immune parameters 
throughout the pathogenesis of WNS? How might they vary 
among species and geographical locale? What immunocompro- 
mising factors (i.e., roost temperature, duration of hibernation, 
and coinfection with other pathogens) might differ between 
exposed European and North American bats? Speculatively, can 
we demonstrate a role for Th17-associated antifungal immuno- 
pathology in the histological symptoms of WNS? 

e Do non-chiropteran taxa with similar life-history strategies to bats 
(i.e., naked mole rats and echidnas) display comparable tolerance 
for intracellular pathogens? 


Review 


and mount immune responses to diverse microbial classes 
will be influential in testing hypotheses presented here 
(Box 3). In addition, in vivo studies investigating the role 
of bat life history — particularly with respect to periods of 
hibernation and torpor —in immune functioning are likely to 
prove enlightening to researchers hoping to understand 
when and why bats operate as special pathogen reservoirs. 
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